In the production of non-native consonant clusters, speakers' systematic errors have been attributed to the influence of native-language phonotactics (Dupoux et al., 1999) . However, recent models of non-native speech production suggest that speakers are also sensitive to acoustic details (Davidson et al., 2012) . We examine whether speakers' sensitivity to phonetic detail is modulated by variability in the speech signal, and whether they abstract away from subphonemic detail given sufficient variability. This was tested by presenting English speakers with ill-formed clusters (e.g. bdafa, tmape, zgade) containing systematically manipulated sub-phonemic acoustic properties: burst duration and amplitude for stop-initial clusters, and the presence/absence of pre-obstruent voicing (POV) for voiced clusters. In Experiment 1, which presented stimuli produced by one Russian talker, significant effects were found for the duration manipulations on the rates of epenthesis, the amplitude manipulation on consonant change/deletion errors, and the POV manipulation on the rate of prothesis. In Experiment 2, which contained stimuli produced by three talkers, there was a substantial attenuation of the influence of the acoustic manipulations on speakers? productions. These results suggest that an account of non-native speech production that models the relative contribution of phonotactics and phonetic detail must incorporate information about variability in the environment.
PHONOLOGICAL AND PHONETIC INFLUENCES ON NON-NATIVE SPEECH

PROCESSING
The current study explores the role of speaker variability in a multi-factor account of non-native speech production, building on work described in Davidson et al. (2012) . Davidson et al. presented an account of non-native speech processing which combines phonological knowledge with the influence of acoustic-phonetic processing. Here we demonstrate that when speaker variability is incorporated into a study of non-native production, it interacts with the phonetic and phonological properties of the stimuli and changes how speakers process and represent the non-native phonotactics.
When processing words containing non-native consonant clusters, speakers show systematic patterns of errors. While these patterns can be explained in part by knowledge of native language phonotactics (e.g. Scholes, 1966; Hallé et al., 1998; Pitt, 1998; Dupoux et al., 1999; Moreton, 2002) , it has also been shown that speakers are also influenced by lexical and phonetic factors. Davidson et al. (2012) presents evidence that a multi-factor model of non-native speech production incorporating low-level acoustic-phonetic details of the stimuli along with phonological knowledge provides a better account for non-native speech production data than a model which focuses on either of these factors alone.
The current study examines how the sensitivity to phonetic detail demonstrated in Davidson et al . is modulated by manipulating the level of variability in the speech signal. When the variability present in the input is increased by including stimuli produced by multiple talkers, we find that the effects of fine phonetic details of the stimulus are substantially attenuated. This suggests that the previously proposed model must be revised to incorporate information about contextual variability in addition to phonological knowledge and phonetic details of the stimuli.
CURRENT STUDY
Here we compare the results of the experiment presented in Davidson et al. (2012) (Experiment 1) with a second production experiment which examines how speakers' responses to the same stimuli are affected when the overall variability of the speech signal is increased (Experiment 2).
Methods
Subjects (24 monolingual American English speakers per experiment) perceived and produced stimuli containing non-native consonant clusters. Subjects were presented with recordings of stimuli produced by a native speaker(s) of Russian and asked to repeat them into a recorder. The stimuli consisted of words containing four types of C1C2 onset clusters: stop-stop (e.g. bdafa, tpada), stop-nasal (dmate, knago), fricative-stop (zgade, vdato), and fricative-nasal (zmaku, vnabe). Stop-initial clusters contained both voiced and voiceless consonants. For fricative-initial clusters, only voiced fricatives were included. Each cluster appeared in four distinct stimulus items, for a total of 96 CC-stimuli. In addition to the critical CC-initial stimulus items, there were also fillers of the form C@CáCV and @CCáCV.
Several acoustic properties of the stimuli were systematically manipulated to test their effect on the patterns of modifications by speakers. For stop-initial clusters, stop burst durations were 20ms or 50 ms (DUR manipulation), and burst amplitudes were manipulated to be either higher or lower than the average baseline amplitude of bursts produced naturally in the same environment (AMP). When C1 was a voiced stop or fricative, the presence or absence of pre-obstruent voicing (a short period of voicing preceding frication or stop closure) was manipulated (POV).
The experiments differed critically in having a single talker or multiple talkers. In Experiment 1, stimuli were two physically identical repetitions of each item. In Experiment 2, subjects heard three repetitions of each item, produced by three different talkers. The first two repetitions were baseline versions of the stimulus (DUR = 20ms, natural AMP levels, no POV), and the third repetition was the same stimulus as the only one that was presented in Experiment 1. All of the participants' responses were analyzed by repeatedly listening to the files and examining the spectrograms of the utterances in Praat to determine what, if any, error had been made. Modifications of a consonant cluster relative to the native Russian speaker's productions included prothesis (insertion of a vowel before the cluster), epenthesis (insertion of a vowel between the consonants of the cluster), C1 change (production of a different consonant than the one in the stimulus), and C1 deletion (deletion of the first consonant in the cluster).
In the low-variability case (Experiment 1) it was expected that speakers would be influenced by the low-level acoustic differences arising from the manipulations, potentially recovering and producing different phonemes for stimuli that differ only in sub-phonemic detail, resulting in different error patterns depending on the manipulation. In the high variability case (Experiment 2) we expected that speakers would generalize over the between-talker differences in the stimuli, abstracting away from low-level differences and attenuating the differences between the experimental manipulations.
Results
Results are presented in Figures 1-4 . In each case, the upper panels show results from Experiment 1 and the lower panels show results for Experiment 2. Results were analyzed using mixed-effects logistic regression with random intercepts for speakers and items. In Experiment 1, where stimuli were produced by a single talker, there were significant effects of all manipulations. For stop-initial clusters, stops with longer burst durations showed more epenthesis (β = 0.520, p < 0.001), as did higher-amplitude bursts (β = 0.584, p < 0.001). As can be seen in Figure 1 , the numerical trends follow the same pattern of more epenthesis with longer burst durations in Experiment 2 (β = 0.152, p = 0.2), but the effects of the duration manipulation were non-significant. A similar non-significant trend was found for higher-amplitude bursts (β = 0.132, p = 0.3). Figure 2 shows the effect of the amplitude manipulation on consonant change errors. Lower-amplitude amplitude bursts showed more consonant change errors (β = 0.622, p < 0.05) in Experiment 1. In contrast, in Experiment 2, there was no significant effect of AMP on consonant changes. For stop-stop clusters, such errors were nearly absent in higher-and lower-amplitude burst conditions, suggesting that speakers, given multiple, distinct tokens, speakers may use the combined acoustic information to more accurately recover segment identity, decreasing the probability of such errors. Deletion errors for stop-initial clusters are shown in Figure 3 . Experiment 1 shows higher rates of deletion for lower-amplitude bursts (β = 1.883, p < 0.001), while Experiment 2 does not. Similar to consonant change errors, stop-stop clusters again show an overall decrease in deletion errors in both conditions. Effects of the POV manipulation are shown in Figure 4 . In Experiment 1, clusters with pre-obstruent voicing showed significantly more prothesis (β = 1.1410, p < 0.001), although both types of stop-initial clusters showed significantly less prothesis overall (stop-stop: β = −2.1612, p < 0.001 stop-nasal: β = −1.0801, p < 0.01). Unlike the DUR and AMP manipulations, POV showed significant effects in both experiments. For clusters in Experiment 2, the presence of pre-obstruent voicing resulted in significantly more prothesis errors (β = 0.36319, p < 0.02), although the effect was smaller than the effect in Experiment 1. Stop-stop and stop-nasal clusters once again showed less prothesis than fricative-initial clusters (stop-stop: β = −2.66832, p < 0.001, stop-nasal: β = −1.29352, p < 0.001)
DISCUSSION
Consistent with previous research (e.g. Davidson, 2010) , the English speakers in this study have a strong tendency to repair unattested consonant clusters with epenthesis. However, the error patterns found in Experiment 1 demonstrate that, in conditions with low overall variability, as in experimental settings, fluctuations in speakers responses show that they are highly sensitive to low-level acoustic detail and such factors must be taken into account alongside the speaker's higher-level phonological knowledge. Experiment 2 provides evidence that many effects of sub-phonemic detail on non-native speech production are notably attenuated when there is a higher level of speaker variability in the stimuli. This finding suggests that listeners are generalizing over the acoustic information provided by the multiple talkers, and that they are able to establish a phonemic representation of the word that is not so heavily dependent on the idiosyncratic properties of one stimulus item or one speaker. Yet, it should be noted that most of the effects observed in Experiment 1, while failing to reach significance, are still present as numerical trends in the results of Experiment 2, suggesting that increased overall variability decreases sensitivity to low-level acoustic variation but does not cause it to vanish entirely.
